protein of the immunoglobulin (Ig) superfamily, exhibits an unusual spatiotemporal expression pattern in the fish visual pathway. Using in situ hybridization and new antibodies (Abs) against fish TAG-1 we show that TAG-1 mRNA and anti-TAG-1 staining is restricted to nasal retinal ganglion cells (RGCs) in 24-to 72-h-old zebrafish embryos and in the adult, continuously growing goldfish retina. Anti-TAG-1 Abs selectively label nasal RGC axons in the nerve, optic tract, and tectum. Axotomized RGCs reexpress TAG-1, which occurs as late as 12 days after optic nerve lesion, when regenerating RGC axons arrive in the tectum, suggesting TAG-1 reexpression is target contactdependent. Accordingly, TAG-1 reexpression ceases upon interruption of the regenerating projection by a second lesion. The topographic restriction of TAG-1 expression and its target dependency during regeneration suggests that TAG-1 might play a role in the retinotopic organization and restoration of the retinotectal pathway.
INTRODUCTION
Developing neurons express a complex array of cell surface molecules, which enable the growth cone to perceive cues in its environment and to steer along predetermined pathway to its target. Among the many cell surface recognition molecules on growing axons are the cell adhesion molecules (CAMs) of the immunoglobulin superfamily (IgSF) with various forms and a range of functions (Brü mmendorf and Rathjen, 1995) .
Long axons such as those of commissural neurons in the spinal cord or retinal ganglion cells (RGCs) in the visual system, which cover long distances and cross several decisional regions to reach their targets, express several different IgSF CAMs. These CAMs often promote growth cone elongation and axon fasciculation, but it appears that they also act as sensors or receptors for guidance cues in regions where growth cones make pathway decisions Landmesser, 1995, 1998; Stoeckli et al., 1997; Ott et al., 1998; Leppert et al., 1999; Fitzli et al., 2000) . Such has recently been discovered for the GPI-anchored IgSF CAM TAG-1/axonin-1, which consists of six Ig loops and four fibronectin type III (FN) domains and which, together with L1/Ng-CAM, NrCAM, and F3/F11 belongs to the Ig/FN III subfamily (Furley et al., 1990; Stoeckli et al., 1997; Fitzli et al., 2000) .
TAG-1/axonin-1 promotes growth cone elongation and contributes to fasciculation by homophilic (trans) interactions with the same molecules on opposed membranes and by heterophilic cis interactions with Ng-CAM/L1 in the same membrane (Furley et al., 1990; Kuhn et al., 1991; Rader et al., 1993; Felsenfeld et al., 1994) . Furthermore, it interacts with NrCAM. This interaction is of crucial importance during pathfinding of commissural axons in the chick where axonin-1 on commissural growth cones functions in the recognition of floor plate-associated NrCAM, and thus in guidance of commissural growth cone across the floor plate.
TAG-1/axonin-1 is also expressed by developing RGC axons in the visual system of mammals and birds (Wolfer et al., 1994; Halfter et al., 1994; Jung et al., 1997) and was more recently found to be present in the retina of zebrafish embryos (Warren et al., 1999) .
In the present study, we examined the spatiotemporal expression of TAG-1 in the fish visual pathway to determine its distribution and potential involvement in axon growth. In the course of these investigations we discovered an unexpected topographically restricted expression of TAG-1 in the developing fish retinotectal system and a delayed onset of TAG-1 reexpression after optic nerve lesion. Zebrafish embryos were analyzed to explore TAG-1 expression during development of the retina-to-tectum projection, which forms between 28 and 72 hpf and results in the establishment of a retinotopically organized map formed by RGC axons in the tectal neuropil (Stuermer, 1988a) . Here, we find TAG-1 mRNA specifically in RGCs of the nasal retina and TAG-1 protein on nasal axons. This restricted expression was also observed during the continuous growth in adult fish which occurs by the addition of new RGCs around the retinal margin (Johns, 1977) . Growth of axons from new RGCs is accompanied by a regulated expression of IgSF proteins such as NCAM (Bastmeyer et al., 1990) , neurolin (Paschke et al., 1992) , the homolog of SC-1/DM-GRASP/BEN (Tanaka et al., 1991; Burns et al., 1991; Pourquie et al., 1992) , and the L1-related E587 antigen (Vielmetter et al., 1991; Giordano et al., 1997) . With antibodies against TAG-1, we observe bright staining on axons of mRNA-expressing nasal RGCs and weak staining over the remaining retina.
We also wanted to know if RGCs reexpress TAG-1 during axon regeneration, since earlier findings showed that axotomized RGCs in adult rats downregulate TAG-1 expression and fail to upregulate it even when they regenerate an axon (Jung et al., 1997) . Axotomized RGCs in fish reexpress the IgSF CAMs mentioned and provide them to regrowing axons along their path into the optic tectum (Stuermer and Leppert, 2000) . Our experiments reveal that axotomized RGCs reexpress TAG-1. This reexpression occurs in an unusual time course compared to the other IgSF CAMs and in correlation with target contact reformation (Stuermer and Easter, 1984a) . Furthermore, RGCs which reexpress TAG-1 are unevenly distributed over the retina. Most are localized in the nasal half and fewer in the temporal half. The late onset of TAG-1 reexpression, its dependence on target contact, and preferential expression in nasal RGC axons could indicate that TAG-1 in fish perhaps participates in the selective fasciculation of nasal axons and in map (re-)formation.
RESULTS

Position-Dependent Expression of TAG-1 in the Retinotectal Pathway
Embryo. In zebrafish embryos, the very first RGCs differentiate in a ventronasal cluster close to the optic fissure at 28 hpf and are identified by their expression of neurolin mRNA (Laessing and Stuermer, 1996) . These first RGCs were also found to express TAG-1 mRNA (Fig. 1a) . The cells and their axons, which extend at 32 hpf, are recognized by anti-TAG-1 and by anti-neurolin Abs (Figs. 1b and 1c) . Around 40 -48 hpf when axons from both nasal and temporal retina course toward the tectum (Stuermer, 1988a) , a subpopulation of the TAG-1 positive axons are also labeled by antineurolin mAb. It is apparent at 72 hpf that these axons are derived from nasal RGCs. In situ hybridizations with the TAG-1 probe at 72 hpf reveal that only RGCs of the nasal retina express TAG-1 mRNA (Fig. 1d) . Accordingly, the nasal axons are brightly labeled by anti-TAG-1 Abs (Fig. 1e) . TAG-1 mRNA was not detected in temporal RGCs but the axons from the temporal retina were weakly labeled, probably due to the presence of soluble TAG-1 in the vitreous (see below). In contrast, with anti-E587 mAb labeling is equally intense in axons from the temporal and nasal retina (Fig.  1f) . The RGC axons establish a retinotopically organized projection at 72 hpf (Stuermer, 1988a) and TAG-1-labeled axons in embryos of this age arborize in the caudal aspect of the tectal neuropil (Fig. 1g) . These results establish TAG-1 as a positional marker of nasal RGCs and RGC axons.
Adult fish. The restriction of TAG-1 mRNA expression to nasal RGCs was also observed in the adult retina of both zebrafish and goldfish and is confined to the new RGCs (Figs. 2 and 3) , which are continuously generated around the margin of the retina (Johns, 1977) . The new RGCs, which extend their axons in radial routes toward the optic disk at the center of the retina, are recognized by mAbs against the growth-associated proteins E587 antigen (Bastmeyer et al., 1995) (Fig. 2) . Whereas anti-E587 mAb labels growing axons from all new RGCs with equal intensity, the anti-TAG-1 Abs produce bright staining of the nasal RGC axons (Fig. 2) and weak staining in the rest of the retina. The brighter TAG-1 positive axons of the nasal retina derive from new RGCs at the margin which exhibit TAG-1 on the surface of their somata (Figs. 3a and 3b ). TAG-1 mRNA was not detectable in the peripheral RGCs of the temporal retina (Figs. 3c and 3d ) and no anti-TAG-1 staining was observed on the surface of the temporal RGCs nor was there a comparably bright staining of young temporal RGC axons. Young axons are, however, labeled by anti-E587 mAb in the nasal and temporal retina (Figs. 3e and 3f) . The weaker anti-TAG-1 staining of temporal axons most likely results from the presence of soluble TAG-1 in the vitreous (Fig. 4) , which may bind to TAG-1 binding molecules on retinal cells. The staining of cellular processes of unknown identity, observed in both the nasal and temporal retina (Figs. 3b and 3d), may also result from soluble TAG-1 and its heterophilic binding, since there are no TAG-1 mRNAexpressing cells other than nasal RGCs at the retinal periphery (Figs. 3a and 3b ). To test whether the bright staining on the nasal RGCs and RGC axons is indicative of GPI-anchored TAG-1, freshly isolated, and unfixed retinae were exposed to PI-PLC, the enzyme that cleaves the GPI anchor. This treatment abolished almost completely TAG-1 immunoreactivity on young nasal RGCs and axons but did not abolish TAG-1 staining of the cellular processes nor the weak overall immunoreactivity in the retina (Figs. 5a and 5c ). Moreover, PI-PLC did not affect the staining of axons with mAb against E587 antigen, which is a transmembrane protein (Figs.  5b and 5d) .
To determine if TAG-1 is confined to a subpopulation of young axons during their growth into the tectum, wholemounts, and sections of the goldfish optic nerve, optic tract, and tectum were exposed to TAG-1 Abs. In the nerve, where young growing RGC axons are recognized by anti-neurolin and anti-E587 Abs (Fig. 6b) , anti-TAG-1 Abs labeled a subpopulation of the E587-positive axons (Figs. 6a and 6b ). Since only RGCs of the nasal retina and their intraretinal axons are TAG-1 positive, the TAG-1-positive axons in the optic nerve are most likely nasal axons.
While approaching the tectum, young RGCs axons occupy a superficial position in the tract (Scholes, 1979; Vielmetter et al., 1991) . Axons derived from the very temporal retina course directly into the very rostral tectum (Fig. 6c) . The remaining young axons-separated according to their ventral and dorsal retinal origin (Stuermer and Easter, 1984a )-travel in two fascicles around the dorsomedial and ventrolateral tectal margin. Axons exit from these peripheral fascicles sequentially according to their retinal positional origin and their retinotopic destination in the tectum (Stuermer and Easter, 1984b; Easter and Stuermer, 1984; Stuermer, 1984) . Nasal axons follow these peripheral pathways into caudal tectum. A dorsal view on the midtectal to caudal extent of the peripheral fascicle at the dorsomedial tectal margin shows that the axons are TAG-1 positive (Fig. 7a) . A cross-section of this peripheral region of tectum also shows that TAG-1-labeled axons are confined to the peripheral-most fascicle (Fig. 7c) .
This restricted expression of TAG-1 mRNA to new nasal RGCs and the appearance of GPI-linked TAG-1 on the young nasal RGC axons indicates that TAG-1 is a positional marker molecule, which may be relevant for the guidance of nasal RGC axons along the path toward their retinotopic target sites in the tectum.
Reexpression of TAG-1 after Optic Nerve Lesion
Optic nerve transection induces reexpression of the IgSF proteins E587 antigen and neurolin in all RGCs. This leads to the appearance of the proteins on all regenerating axons along their entire path into the tectum (Vielmetter et al., 1991; Paschke et al., 1992; Ankerhold et al., 1998; Ankerhold and Stuermer, 1999) . The first regenerating axons arrive in the rostral tectum between 10 and 12 days after lesion and establish synaptic connections (often in retinotopically incorrect regions), with tectal neurons soon after their arrival (Stuermer and Easter, 1984a) . The tectum is invaded by regenerating axons at around 4 weeks after lesion, but it takes several weeks for the retinotopic projection to establish its near-normal order (Stuermer, 1988b,c; Schmidt et al., 1988) .
TAG-1 reexpression in the retina. TAG-1 reexpression by axotomized RGCs occurred in an unusual spatiotemporal pattern. Whereas E587 mRNA was upregulated in many or most RGCs as early as 6 days after lesion (Ankerhold et al., 1998; Ankerhold and Stuermer, 1999 ) and continued to be expressed for weeks (Fig. 8a) , TAG-1 mRNA was not observed at 2, 6, and 10 days after lesion (Fig. 8b) . TAG-1 mRNA and protein were first detected in axon-regenerating RGCs around 12 days after lesion and thus in correlation with the arrival of axons in the tectum. Reexpression was always confined to a subpopulation of cells. The number of RGCs reexpressing TAG-1, reached a maximum between 21 and 30 days after lesion ( Fig. 8c) and declined gradually over the next weeks. At all time points examined, the TAG-1 mRNA-expressing RGCs were located in the nasal retinal half and a few occurred in the temporal retina (Figs. 8c and 8d). 
FIG. 4.
Western blots with anti-TAG-1 Abs and recombinant TAG-1, with proteins from brain and vitreous. Lane 1: anti-TAG-1 Abs recognize recombinant TAG-1 protein produced by CHO cells, which exhibits a slightly higher apparent molecular weight than native TAG-1, probably due to its polyhistidine tail. Lane 2: anti-TAG-1 Abs recognize TAG-1 from goldfish brain with an apparent molecular weight of ca. 140 kDa. Lanes 3-6: anti-TAG-1 Abs recognize TAG-1 in the vitreous of goldfish eyes with unlesioned optic nerve (unl), and at 2, 3, and 6 weeks (w.) following optic nerve lesion. The gels were loaded with equal concentrations of proteins. The increasing intensity of the bands suggests an increase of soluble TAG-1 in the vitreous with time after lesion. Molecular weight markers are indicated to the left.
Labeling of retinae with anti-TAG-1 Abs at 21 and 30 days after lesion shows a similar distribution: most TAG-1-positive RGCs are in the nasal retina and only few in the temporal retina (Figs. 8e and 8f ). However, in contrast to developing neurons, the TAG-1-positive axotomized RGCs exhibit a granular, intracellular stain rather than surface staining (Fig. 8eЈ) . Moreover, the intraretinal portions of axons of these RGCs do not exhibit the bright staining (Figs. 8e and 8eЈ) seen on the young growing axons from the new RGCs at the margin of the nasal retina. Except for the young axons, all other axons showed a diffuse, weak labeling. This suggests that RGCs which reexpress TAG-1 retain a significant amount of protein in intracellular compartments, probably for transport of the protein to more distal regrowing portions of the axons outside the retina (Vogt et al., 1996) . In parallel with TAG-1 reexpression by RGCs, the amount of TAG-1 in the vitreous increased, as is indicated by the intensity of the TAG-1 band in Western blots with proteins derived from the vitreous (Fig. 4) .
TAG-1 reexpression in the optic nerve, tract, and tectum. In the optic nerve, where regenerating axons are abundant 21 days after lesion, TAG-1-positive axons were found throughout the nerve's cross sectional area (Fig. 9a) . In nerve/tract wholemounts they are seen as a subpopulation of axons labeled by antineurolin mAb (Figs. 9d and 9e ). Many regenerating axons in the nerve are neurolin-positive by 10 days after lesion (Fig. 9b ), but they are not labeled at this stage by anti-TAG-1 Abs. This is consistent with the late onset of TAG-1 reexpression in the axotomized RGCs. The few fascicles that are TAG-1-positive are most likely the young axons from new RGCs at the retinal margin and these also occur in the unlesioned nerve (Fig. 9c) . Since most RGCs which reexpress TAG-1 are in the nasal retina, most of the TAG-1-labeled axons in the nerve/tract and tectum probably derive from nasal RGCs. That TAG-1-labeled axons are widely distributed over the nerve and tract is compatible with the notion that regenerating axons course in abnormal routes and fail to reestablish their normal neighborhood relations (Stuermer and Easter, 1984a; Stuermer, 1988b,c) .
In the tectum, TAG-1-positive axons were found in all fascicles (the more rostrocentral and peripheral ones) (Fig. 7b) , which is consistent with the fact that regenerating RGC axons travel aberrantly through the fascicles independent of their retinal positional origin and retinotopic tectal destination (Stuermer and Easter, 1984a; Stuermer, 1988b,c) . Axons in the synaptic layers (SFGS, Stratum fibrosum et griseum superficiale) of the tectum, which is subjacent to the Stratum opticum (SO), are also labeled (Fig. 7d) .
These results show a late onset of TAG-1 reexpression in axon-regenerating RGCs in temporal correlation with the reformation of target contact. TAG-1 reexpressing RGCs are significantly more abundant in the nasal compared to the temporal retinal half. Furthermore, while axons from RGCs reexpressing TAG-1 at 12 days or more after lesion show hardly any labeling in the intraretinal portion of their path, they are brightly labeled in the optic nerve, optic tract, and tectum. This staining appears from 12 days after lesion onwards and is not seen earlier although the nerve and tract contain already many regenerating axons at 8 and 10 days (Ankerhold et al., 1998) . This and the finding that RGCs contain TAG-1 intracellularly, suggests that TAG-1 is transported within the axons and becomes visible only in the actively regrowing segment (Vogt et al., 1996) of the regenerating axons. This unusual expression pattern suggests the following scenario: regenerating RGC axons, which contact the target, deliver a signal to their parent RGCs, which induces reexpression of TAG-1, whereupon the RGCs transport the protein to the regrowing portion of the axon (Vogt et al., 1996) . This contact-dependent reexpression is predominantly executed by the nasal RGCs and fewer temporal RGCs synthesize the protein. This is best explained by assuming that regenerating RGC axons and in particular nasal RGC axons require TAG-1 for intratectal growth and navigation to their retinotopic target sites.
Suppression of TAG-1 Reexpression by Repeated Optic Nerve Transection
Since lesion-induced onset of TAG-1 reexpression in RGCs correlates with the arrival of regenerating axons in the tectum, we determined the dependence of TAG-1 reexpression on target contact formation by interrupting the regenerating projection. Goldfish received bilateral optic nerve transections, were left to recover for 3 weeks, during which time TAG-1 reexpression reaches its maximum, and underwent a second, unilateral nerve transection. After 3 more days, both retinae were subjected to in situ hybridization for either TAG-1 or E587 mRNAs. Expression levels of E587 mRNA in RGCs were not affected by repeated optic nerve transection (Figs. 10a and 10b) . In contrast, levels of TAG-1 mRNA markedly decreased in response to a second transection (Figs. 10c and 10d ). This indicates that TAG-1 reexpression in RGCs might indeed be regulated by contact of retinal axons with the tectum and is downregulated when target contact is interrupted.
Axon Regeneration in Vitro
When segments of the goldfish retina, 14 days after lesion, are explanted on polylysine-coated coverslips, . Anti-TAG-1-labeled axons can be followed from midtectal (M) into the caudal tectum (C), and this path is typical of nasal RGC axons. Insert, at midtectal levels, TAG-1-expressing axons (aЈ) represents a subpopulation of E587 antigen expressing axons (aЉ). Scale bar aЈ, 50 m. (b) Anti-TAG-1 labeled regenerating RGC axons, 4 weeks after optic nerve transection, are distributed over all fascicle pathways, along the peripheral margin and through more central fascicles. (c) A section through the tectum after exposure to anti-TAG-1 Abs, reveals the young labeled axons in the peripheral tectal fascicle (arrowheads). (d) Regenerating RGC axons at 4 weeks after optic nerve lesion are detected by anti-TAG-1 Abs in fascicles (arrowheads) and the subjacent layers where axons arborize and synapse. Anti-TAG-1 also labels cells and processes in deeper layers of the tectum (asterisk) and in other brain areas. Scale bars, 100 m.
FIG. 8.
TAG-1 reexpression in the retina following optic nerve transection. (a-f) Portions of retina wholemounts. (a, b) Retinae, 10 days after optic nerve lesion and subjected to in situ hybridizations, exhibit (a) E587 mRNA in almost all axotomized RGCs, whereas (b) TAG-1 mRNA is not yet detectable. (c, d) At 3 weeks after lesion, many RGCs reexpress TAG-1 mRNA, but the number of reexpressing RGCs is significantly greater in the nasal (c) than in the temporal (d) retina. (e, f) Retinae (3 weeks after lesion) exposed to anti-TAG-1 Abs exhibit labeling in many RGCs. TAG-1 does not appear on the surface of the axotomized RGCs but rather occurs in globular inclusions within the cytoplasm (eЈ arrowheads). The axons of TAG-1 reexpressing RGCs are unlabeled (e, f, arrow in eЈ). The RGC axons which are labeled in the nasal retina (e) are young growing axons from new RGCs at the margin. Young growing axons in the temporal retina (f) are at best weakly labeled, as are axons from axotomized RGCs. The number of TAG-1 reexpressing RGCs is significantly larger in the nasal (e) than in the temporal retina (f). Scale bar, 400 m; eЈ, 10 m. RGCs vigorously extend axons. These axons are TAG-1 immunoreactive (Fig. 11 ) regardless of whether they derive from the nasal or temporal retina. This indicates that the topographic restriction of TAG-1 reexpression is lost when retina segments are brought into culture and suggests that TAG-1 (re-) expression is regulated by intraretinal factors.
DISCUSSION
Analysis of TAG-1 in the fish visual pathway has revealed two novel features with regard to its expression. During development, TAG-1 is topographically restricted to nasal RGCs and nasal retinal axons throughout their path into the retinotopically appropriate caudal tectum. After optic nerve lesion in adult fish, TAG-1 is reexpressed-predominantly by nasal RGCs. The late onset of reexpression that occurs around 12 days after lesion correlates with the arrival of regenerating axons in the tectum (Stuermer and Easter, 1984a) . The duration of TAG-1 reexpression corresponds to the time during which regenerating axons reestablish contacts throughout the tectum (Stuermer and Easter, 1984a; Stuermer, 1988b,c) . Delayed onset and duration indicate a target dependency of TAG-1 reexpression, which is confirmed by finding a downregulation of TAG-1 upon interrupting the regenerating projection. The patterned expression of TAG-1 suggests that it may contribute to the topographic specification of RGCs and RGC axons and to their selective fasciculation but TAG-1 may also participate in the interaction of retinal axons with molecular cues in the tectum that guarantee the formation (and reestablishment) of the retinotopically organized projection.
TAG-1 expression during development. TAG-1/ axonin-1 occurs in all developing RGCs and RGC axons of warmblooded vertebrates (Wolfer et al., 1994; Halfter et al., 1994; Jung et al., 1997) , but its restriction to nasal RGCs, as is here seen in fish, has not been observed. Nor has such a position-dependent expression pattern been found with the other IgSF proteins which were previously described in fish, NCAM, E587 antigen, and neurolin (Bastmeyer et al., 1990; Vielmetter et al., 1991; Paschke et al., 1992; Laessing and Stuermer, 1996) . In contrast to TAG-1 the other IgSF CAMs are present in all developing RGCs. They play a role during growth cone elongation, fasciculation and navigation (Bastmeyer et al., 1995; Leppert et al., 1999) . E587 antigen influences the mutual recognition of young axons in the nerve (Ott et al., 1998) and thus contributes to the development of the age-related axon order. In addition to their order by age, retinal axons are organized by their origin from retinal sectors along their entire path (Scholes, 1979; Easter et al., 1981; Stuermer, 1988a) so that nasal axons are separate from temporal axons, and dorsal from ventral axons. The fact that TAG-1 is found on the nasal axons from their origin to the tectum in the embryo and in young axons in adult fish suggests that TAG-1 might contribute to the selective fasciculation of young growing nasal axons. TAG-1 confers positiondependent identity and may control the developing spatial organization of nasal axons. To which extent such functions require homophilic and/or heterophilic interactions of TAG-1 with L1 (Rader et al., 1993; Kunz et al., 1998) or the L1-related E587 antigen (Giordano et al., 1997) or with other axonally expressed molecules remains to be examined.
TAG-1 not only occurs in its GPI-anchored form on the axonal surface but also exists as a soluble protein in the vitreous which apparently binds to intraretinal axons (as well as to cellular processes of unknown identity). It is conceivable that it affects axon growth and/or integrity of the tissue. Such may result from the complex interactions that TAG-1/ axonin-1 exhibits: e.g., with L1/NgCAM, NrCAM, neurocan, and phosphacan/protein-phosphatase ␤ (in Kunz et al., 1998) . The cellular processes may possess TAG-1 binding proteins which differ from those present on the RGC axons because staining of the processes is and remains more intense than that of the temporal axons and than that of the nasal axons after PI-PLC treatment. The increase of TAG-1 in the vitreous following optic nerve transection may result from the increase of cells reexpressing and releasing TAG-1. Whether this increase is beneficial to the intraretinal axons or axotomized RGCs is not known. However, there is no reexpression in the axotomized visual system of mammals (Jung et al., 1997) , where many RGCs die and where axons fail to spontaneously regenerate.
TAG-1 reexpression. In rodents, TAG-1 expression disappears from RGCs within 2 days after optic nerve lesion and is not reexpressed, even in the axons that regenerate in the presence of a sciatic nerve transplant (Jung et al., 1997) . During regeneration in adult fish, axons neither reform age-related bundles-which correlates with the fact that all axons reexpress the IgSF CAM E587 antigen-nor do they segregate according to their origin from retinal sectors (Stuermer and Easter, 1984a; Stuermer, 1988b,c; Schmidt et al., 1988; Bastmeyer et al., 1990) . If TAG-1 promotes recognition and fasciculation of nasal RGC axons during development, its delayed and target-dependent reexpression during regeneration could account for the disorder among the axons.
During axon regeneration, NCAM, E587 antigen and neurolin as well as the intracellular proteins Gap-43, reggie-1, and reggie-2 are upregulated by RGCs (for review: Stuermer and Leppert, 2000) within the first 4 -6 days after optic nerve lesion. Whereas antineurolin and anti-E587 Abs detect the regenerating RGC axons (Paschke et al., 1992; Ankerhold et al., 1998; Ankerhold and Stuermer, 1999) as soon as they appear in the nerve (and prior to their arrival in the tectum), anti-TAG-1 Abs do not. This corresponds to the failure of the axotomized and axon-regenerating RGCs to reexpress TAG-1 mRNA prior to target contact. Moreover, TAG-1 reexpression is limited to certain portions of the axons, as it only shows up in the regenerating axons distal to the lesion site. The dynamics of protein transport and the emergence of axonin-1 on the surface of chick DRGs suggests that newly synthesized axonin-1 is exclusively inserted in the membrane of the growth cone (Vogt et   FIG. 11 . Anti-TAG-1 Abs label regenerating RGC axons in vitro. Retinal explants, 14 days after optic nerve lesion, extend axons. These axons are labeled by anti-TAG-1 Abs regardless of whether they derive from nasal (a) or temporal (b) retinal explants. Scale bar, 100 m.
al ., 1996) . Thereafter, as the growth cone elongates further, axonin-1, is also found on the axon behind the growth cone. Hence, it is possible that TAG-1 in regenerating fish RGCs is first brought to the growth cone as it navigates through the tectum, and later appears on the axons in the nerve and tract. This in turn implies that TAG-1 reexpression is induced by a retrograde signal from the growth cone.
The uneven and regulated expression pattern of TAG-1 in fish is consistent with the speculation that TAG-1-after induction by target contact-might be involved in axon-target interactions and in the retinotopic organization of the retinotectal pathway in fish where nasal axons terminate in the caudal tectum and temporal axons in the rostral tectum. This could mean that TAG-1 interacts with positional guidance cues in the tectum.
Such a role is rather unusual for an IgSF CAM but is consistent with new insights into the role of axonin-1 in the chick embryo, where axonin-1 functions as a growth cone sensor or receptor for the interactions with floor plate-associated NrCAM (Stoeckli and Landmesser, 1998; Fitzli et al., 2000) . Other IgSF CAMs can also function as receptors: DCC (deleted in colon rectal cancer) binds netrin-1 (Keino-Masu et al., 1996) , ROBO binds proteins of the Slit family (Kidd et al., 1998) and neurolin in fish is involved in growth cone guidance by interaction with ligands as yet unidentified (Ott et al., 1998; Leppert et al., 1999; Stuermer and Bastmeyer, 2000) . Molecules that are involved in guidance of RGC axons in the tectum are members of the ephrin/Eph receptor family, in particular ephrin A2, ephrin A5 and their cognate EphA receptors (Drescher et al., 1995 Monschau et al., 1997; Picker et al., 1999; Feldheim et al., 2000) , as well as molecules of the RGM (Repulsive Guidance Molecule), family (Mueller et al., 1996; Mueller, 1999) . Whether TAG-1 is involved in interactions, as for instance with RGM, remains to be shown.
An attractive speculation derives from the present observation that some RGCs of the temporal retina in addition to nasal RGCs reexpress TAG-1 during regeneration. It is known that many regenerating axons take abnormal routes and branch widely in the tectum before they reach and restrict their arbors to retinotopically appropriate sites (Stuermer, 1988b,c; Schmidt et al., 1988) . It is conceivable that temporal RGCs erring into the caudal tectum are the ones that reexpress TAG-1 implying that contact with the caudal tectum is the relevant cue for TAG-1 upregulation. Such contacts are interrupted by a second lesion to the optic nerve which causes downregulation of TAG-1 reexpression in both nasal and temporal RGCs. Because regenerating RGC axons in vitro do not show the same nasal versus temporal difference in TAG-1 expression, experiments addressing the above speculation require in vivo assays. The observation that the restricted expression of TAG-1 by nasal RGCs is abolished by explanting retinal segments in culture in turn suggests that factors intrinsic to the retinotectal system control the topographically restricted expression of TAG-1. Expressional control may be exerted through cell contact-mediated signaling or through soluble factors in the vitreous. Soluble factors are, however, less likely to be responsible for TAG-1 reexpression after lesion for reasons discussed above. Moreover, putative factors are also needed for the regulation of intracellular versus membrane insertion of TAG-1 (Vogt et al., 1996) , here evident during regeneration. These observations indicate that TAG-1 transcription is regulated in a position-dependent manner during RGC development in both the embryonic and adult retina and underlies further expressional control depending on the state and environment of the axon.
EXPERIMENTAL METHODS
Animals
Goldfish, zebrafish and zebrafish embryos were taken from breeding stocks in the animal research unit of the University of Konstanz. Fish were anesthetized in MS 222 (Sigma) prior to optic nerve transections according to established procedures and in compliance with animal welfare legislation. To study TAG-1 expression after repeated optic nerve transection, goldfish first received a bilateral optic nerve transection and were left to recover for 3 weeks. A second optic nerve transection was then performed on the right side. After 3 more days, both retinae were dissected and processed for wholemount in situ hybridization.
Goldfish Retina Explants
Retina explants were prepared following established protocols (Vielmetter and Stuermer, 1989 ) from fish which had received nerve transection 14 d prior to dissection. Isolated retinae were flat-mounted on Hybond Nϩ membranes (Amersham), cut into 300 m wide segments on a McIlwain tissue chopper and placed with the ganglion cell layer down, on polylysine-coated glass coverslips. Retinal explants were cultured in L-15 (Leibowitz) medium with 10% fetal calf serum (FCS) and 0.4% methyl cellulose for 2 d at 22-27°C prior to fixation and immunohistochemical analysis.
In Situ Hybridization
Two different DIG-labeled antisense riboprobes and the appropriate sense controls were synthesized using a DIG labeling kit (Boehringer Mannheim) according to the manufacturer's instructions. Probes corresponded to positions 94-1188 (Ig-loops 1-4) and 94-1461 (Ig-loops 1-5) of a full length zebrafish TAG-1 cDNA clone (Warren et al., 1999) . In situ hybridization was performed on wholemounts of goldfish and zebrafish retinae. Briefly, retinae were flat-mounted on Hybond N membranes (Amersham) and fixed in 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS) overnight at 4°C. After washes in PBS (3ϫ 5 min) at room temperature (RT), retinae were permeabilized in methanol (2ϫ 20 min, Ϫ20°C). Following rehydration in 75% methanol/ 25% PBS, 50% methanol/50% PBS, 25% methanol/75% PBS, and 100% PBS (5 min each at RT), the retinae were incubated in PBST containing 10 g/ml proteinase K (Boehringer Mannheim) for 10 min at RT. After 2 brief rinses in PBST, the retinae were postfixed in 4% PFA (20 min, RT), washed thoroughly in PBST (5ϫ 5 min, RT) and prehybridized in hybridization mix (50% formamide, 5ϫ SSC, 0.1% Tween-20, 1 mg/ml tRNA (Boehringer Mannheim), 50 g/ml Heparin (Sigma)) for at least 2 h at 55°C. Hybridizations were performed overnight at 55°C with 100 ng/ml antisense or sense riboprobe in hybridization mix. Retinae were rinsed in 50% formamide/2ϫ SSCT (2ϫ 30 min, 55°C), once in 2ϫ SSCT (15 min, 55°C), and twice in 0.2ϫ SSCT (30 min each, 55°C). For immunohistochemical detection of bound riboprobes, retinae were briefly rinsed in PBST, blocked in PBST containing 5% bovine serum albumin (BSA, 2 h, RT) and incubated (overnight, 4°C) with alkaline phosphatase-conjugated anti-DIG antibodies (Boehringer Mannheim), 1:5000 in blocking buffer. Labeling was visualized after extensive washes in PBST (at least 5ϫ 15 min, RT) using the BM Purple substrate (Boehringer Mannheim). Finally, the wholemounts were rinsed in PBS and coverslipped in Mowiol. All sense controls were void.
For wholemount in situ hybridization of zebrafish embryos between 24 and 72 hours post fertilization (hpf), fish were staged, fixed and subjected to the above protocol. Following signal detection and washing in PBS, yolk sacs were removed and the embryos embedded in Mowiol.
Expression and Purification of Recombinant TAG-1
A cDNA sequence corresponding to positions 1-3024 of the full length zebrafish TAG-1 clone (Warren et al., 1999) was cloned into the expression vector pSecTagB (Invitrogen). CHO cells were transfected with this construct by calcium phosphate precipitation (Wigler et al., 1992) and selected using Zeozin (Invitrogen) according to the manufacturer's instructions. Stable transfectants were identified using antibodies specific for tetrahistidin (Qiagen) and the human myc-epitope (Calbiochem) attached to the recombinant protein, subcloned and expanded. For protein purification, CHO cells expressing soluble recombinant TAG-1 were grown in serumfree CHO medium with supplement (Biowhittaker), the supernatants harvested and recombinant TAG-1 purified over its polyhistidine tag using the Xpress protein purification system (Invitrogen).
Production of Antibodies
Purified recombinant TAG-1 protein (see Results, Figure 4 ) was used to immunize rabbits (chinchilla bastard) and Balb/c mice according to standard protocols. Hybridoma cells were produced under standard culture conditions, and supernatants were screened for TAG-1-specific staining in cryosections of goldfish and zebrafish brains as well as in Western blots of fish CNS tissue and recombinant TAG-1 (see Figure 4) . For purification of IgG fractions, rabbit antisera were passed over a protein A column.
PI-PLC-Treatment of Goldfish Retinae
Flat-mounted live goldfish retinae were incubated in L-15 medium in the presence of 1 unit/ml of phosphatidylinositol-specific phospholipase C (PI-PLC; Boehringer Mannheim) for 1 h at 27°C. The retinae were rinsed briefly with cold L-15 medium and immunostained live with antibodies to TAG-1 and E587 antigen (Bastmeyer et al., 1995) . Control retinae were treated identically, but without PI-PLC.
Immunohistochemistry
Immunohistochemistry on cryosections was performed according to standard procedures. Briefly, 10 m thick sections of fish CNS tissue were immersed in methanol (5 min; Ϫ20°C), washed 3 times in PBS (5 min each wash) and incubated with the relevant antibodies in blocking solution (PBS containing 1% BSA and 0.02% thimerosal as a preservative) for 2 h at 37°C. Following 3 washes in PBS, sections were incubated with the appropriate secondary antibodies (donkey-anti-mouse or anti-rabbit-Cy-3 (Dianova) and goat-anti-mouse or anti-rabbit-ALEXA 488 (Molecular Probes; 1:1000 in blocking solution; 2 h at RT)). After 3 washes in PBS, sections were coverslipped in Mowiol containing npropylgallate as antifading agent. Wholemount preparations of retinae or retinal explant cultures were incubated with the relevant primary antibodies, diluted in L-15 medium containing 10% FCS, either live for 1 h at RT or after permeabilization in methanol (10 min, Ϫ20°C) overnight at 4°C, and thereafter treated as described above. For wholemount immunostaining, zebrafish embryos, between 24 and 72 hpf, were fixed in 4% PFA in PBS (10 min, RT), permeabilized in methanol (3 min, Ϫ20°C), washed in PBS (5 ϫ 5 min, RT). Nonspecific antibody binding was reduced by incubation in blocking solution (PBS containing 1% BSA and 1% DMSO (dimethylsulfoxide); 1 h, RT). Embryos were exposed to the relevant primary antibodies diluted in blocking solution overnight at 4°C. After extensive washing (5 ϫ 5 min) in PBS, fluorochrome-conjugated secondary antibodies were applied in blocking solution (2 h, RT). The embryos were washed again (5 ϫ 5 min in PBS) and, after removal of yolk sacs, embedded in Mowiol. To immunolabel goldfish optic nerves and tecta as wholemount preparations, the same protocol was applied.
Primary antibodies used were mAbs anti-E587-antigen (Vielmetter et al., 1991) , anti-neurolin (Leppert et al., 1999) and anti-zebrafish TAG-1 (clones T744 and T819) as well as purified rabbit-anti-zebrafish TAG-1 IgG.
Gel Electrophoresis and Immunoblotting
For SDS-PAGE and immunoblots (Sambrook et al., 1989) , proteins were separated on 7.5 or 10% minigels under reducing or non-reducing conditions. Following gel electrophoresis, proteins were transferred to Hybond-C Super nitrocellulose membranes (Amersham Buchler) in a tank blot apparatus. The membranes were air dried, blocked in PBS containing 0.05% Tween-20 and 3% non-fat dried milk (1 h, RT) and incubated with the relevant antibodies in blocking solution for 2 h at RT or overnight at 4°C. Following 4 washes in PBS/0.05% Tween 20, the blots were incubated with HRP-conjugated goat-anti-rabbit or goat-anti-mouse antibodies in blocking solution for 2 h at RT, and, after extensive washing, developed using the enhanced chemoluminescence (ECL) substrate SuperSignal (Pierce) and ECL hyperfilm (Amersham Buchler).
